The European corn borer, Ostrinia nubilalis (Hü bner) (Lepidoptera: Crambidae), is an economically important insect pest of corn (Zea mays L.) and other crops in the United States and Canada. Damage from European corn borer infestations on corn has been estimated to exceed US$1 billion annually in yield losses and control costs (Mason et al. 1996) . Transgenic corn hybrids containing speciÞc insecticidal proteins produced by Bacillus thuringiensis (Bt) have become an effective method of controlling the European corn borer (Hutchison et al. 2010) . The high efÞcacy of Bt corn has resulted in rapid and widespread adoption (Hurley et al. 2002) . The potential for development of resistance in European corn borer populations (Pereira et al. 2008 ) poses a problem for effective control of larval damage on corn crops. Resistance management is recognized as essential to the longterm effectiveness of Bt crops for European corn borer control (Hutchison et al. 2010) . Resistance management in Bt corn for European corn borer is currently based on two complementary principles: high dose and refuge (Tabashnik 1994 , Alstad and Andow 1995 , Ostlie et al. 1997 , Pilcher et al. 2001 .
Another valuable option for resistance management, in combination with the use of a refuge, is the expression of multiple crystalline (Cry) proteins targeted for a pest in crops that provide different modes of action with respect to the insectÕs mechanism of resistance. Cry toxins that affect different receptors in the same target species could be useful in delaying resistance in a population, because the pest is less likely to develop cross-resistance (Schnepf et al. 1998) . The combining of multiple transgenic traits in the same crop variety has been termed as stacking or pyramiding (Koul and Dhaliwal 2004) . The concept of a "pyramid" speciÞcally applies to Bt plants producing two or more toxins with different modes of action (Bravo and Soberó n 2008) targeted for a particular species or a group of closely related pests (Pedigo and Rice 2009 ). Bt plants with two or more plant protection traits targeted for pests not closely related, or included with herbicide-tolerance traits, are referred to as stacked hybrids. Recently, transgenic corn expressing six Cry genes has been commercially released. This stacked Bt pyramid, named "SmartStax" (Dow AgroSciences, Indianapolis, IN, and Monsanto Company, St. Louis, MO), contains three Cry genes encoding toxins that target coleopteran pests and three Cry genes that encode toxins against lepidopteran pests, in addition to two traits conferring herbicide tolerance (Gatehouse 2008) .
Until recently, all refuges were required to be in some kind of structured conÞguration (block or strip plantings) on the farm. However, fulÞlling this requirement could be inconvenient and could incur a cost to the producer in time, labor, and seed inputs, thus leading to concern about grower noncompliance (Baute et al. 2002) . One refuge strategy that has recently been accepted for corn borers and other lepidopteran pests of corn is the implementation of an unstructured refuge that uses a mixture of Bt and near isoline non-Bt corn seed planted throughout a Þeld, commonly referred to as "refuge in a bag." SmartStax Bt corn seed blend, containing Cry 1A.105, Cry2Ab2, Cry1F, Cry3Bb1, and Cry34/35Ab1 genes, uses a 5% blended-seed refuge for control of lepidopteran and rootworm pests in noncotton growing regions where corn earworm is not a signiÞcant pest (EPA 2011) . A signiÞcant advantage of this refuge approach is that it is much more convenient to use than a structured pure-stand refuge, and it ensures refuge compliance. In the Þeld, plants that grow from the non-Bt corn seeds in the mix serve as a refuge for some of the pest insects. This can produce a refuge population similar to that produced by a structured refuge and ensures that there will be insects, exposed to little if any Bt, available to mate with any Bt-resistant survivors. The offspring will likely not be resistant, thereby slowing the evolution of corn borers resistant to Bt (Comis 2003) .
Most neonate lepidopterans have a prefeeding movement phase, described as either local leaf exploration or longer distance dispersal (Zalucki et al. 2002) . Longer distance dispersal is commonly achieved by ballooning, wherein the larva lowers itself on a strand of silk from a leaf and is carried by the wind to adjacent plants (Zalucki et al. 2002) . Andow (2002) reported that European corn borer neonates silk from substrates to disperse and to escape disturbances, such as predators. Ross and Ostlie (1990) found that dispersal by European corn borer neonates is greatest in the Þrst 48 h after eclosion, so neonate dispersal behavior is important in determining how a refuge should be established within a Bt cornÞeld.
Field exposure to toxins present in Bt corn seems to increase the likelihood of European corn borer larval dispersal between plants ( Davis and Onstad 2000) . Cohen et al. (1987) and Schiff et al. (1989) suggested that insects may get physiological feedback from a toxic or nutritionally inadequate food source that then causes them to show increased movement in search of a better food source. European corn borer dispersal experiments conducted by Goldstein et al. (2010) indicated that most of European corn borer neonates are able to detect the Bt endotoxins when exposed to the plant for 24 h that elicits higher rates of plant abandonment compared with neonate dispersal behavior on non-Bt plants. Razze et al. (2011) found that movement behavior of neonate European corn borer corresponded with differences in food ingested and that, at the end of 48 h among neonates that had dispersed from the plant, a greater percentage that originated from Bt corn had plant material in the gut than those dispersing from non-Bt, although the quantity of Bt plant tissue was lower compared with larvae exposed to non-Bt corn. Razze et al. (2011) suggest that the Þnding of lower quantities of Bt plant tissue in the gut could be due to numerous bouts of test feeding by the larvae exposed to the Bt plants.
Observations describing high rates of European corn borer larval dispersal between Bt and non-Bt corn has created signiÞcant concern regarding the deployment of seed mixtures as a resistance management strategy (Mallet and Porter 1992 , Schnepf et al. 1998 , Prasifka et al. 2009 , Goldstein et al. 2010 . European corn borer larvae moving from plant to plant may receive a lower dose of Bt toxins, increasing the likelihood of heterozygote survival and potentially accelerating the development of resistance (Mallet and Porter 1992) . Huang et al. (1999) conducted tests on European corn borer survivorship on Bt corn and found that later instars of European corn borer are much more tolerant to B. thuringiensis than are early instars. Furthermore, both Walker et al. (2000) and Huang et al. (2002) found that some late-instar European corn borer could survive on Bt corn. The evolution of behavioral resistance in European corn borer populations also could occur if larvae are successfully able to disperse from Bt corn and develop on non-Bt corn (Goldstein et al. 2010 ). However, with the development of pyramid Bt corn that requires only a 5% refuge, the likelihood of a larva dispersing from Bt corn and reaching a non-Bt corn plant is greatly reduced compared with corn with a single Cry protein Bt trait where 20% refuge is required in the Corn Belt.
The goal of this study was to better understand the behavioral characteristics of the neonate European corn borer on Bt corn hybrids and its potential role in the development of resistance to Bt crops. The speciÞc objectives were to 1) compare movement and dispersal behavior of neonates on Bt Þeld corn and non-Bt sweet corn, 2) assess neonate responses on Bt lines associated with a pyramid hybrid being developed for commercial use, and 3) compare the silking response on Bt and non-Bt under light wind conditions. The information obtained through this project will be useful in developing effective insect resistance management strategies.
Materials and Methods
Insects. European corn borer stock used for this study was obtained from the USDAÐARS, Corn Insects and Crop Genetics Research Unit located in Ames, IA. For establishing a new colony there each year, European corn borer adults were collected from the Þeld in Iowa by the late summer or early fall. The larvae were raised in the laboratory, where they pupated, mated, and laid more egg masses for the next generation. This cycle in the laboratory was repeated throughout the year in Iowa for Ϸ12 generations. The insects used in this study were obtained within this Neonates were used in all bioassays because they are more mobile and are mostly responsible for accepting the host compared with other life stages (Zalucki et al. 2002) . Plants. The corn products used in this study and their respective Bt components are presented in Table  1 . Except for sweet corn, all of the plant products used in this study were obtained from Pioneer Hi-Bred International (Johnston, IA). The sweet corn was obtained from SeedWay (Elizabethtown, PA). A non-Bt near isoline hybrid Þeld corn from the same parent background that genetically matched the Bt varieties provided by Pioneer Hi-Bred was used to represent conventional Þeld corn plants possessing native resistance traits to insects. ÔSilver QueenÕ hybrid sweet corn (non-Bt) was used in the studies to represent a plant highly susceptible to European corn borer and lacking the native resistance traits derived through many years of traditional breeding that are found in commercial Þeld corn varieties. All of the products except sweet corn were genetically glyphosate herbicide tolerant.
For studies conducted in the Þeld, corn seed was planted in nonirrigated Þeld plots following standard cultural practices for corn. Planting was done using a machine planter with 76-cm row spacing and included an application of starter fertilizer. Preemergent herbicide was applied after planting for weed control.
Rainfall during the study was adequate for the corn crops to reach maturity with a moderate yield.
For the laboratory experiments (including wind tests), corn plants were grown to the V6 stage (Abendroth et al. 2011 ) in the greenhouse in 11.4-liter (3-gallon) pots, watered daily, fertilized weekly, and not subject to any insecticide applications.
Movement and Dispersal Observations in the Field. A preliminary study was conducted in cornÞelds located on the University of Delaware Farm in Newark, DE, from 25 June 2008 to 24 July 2008 to evaluate neonate European corn borer dispersal behavior. Two treatments of corn were used in this study: Bt hybrid Þeld corn with Cry1Ab and non-Bt Silver Queen hybrid sweet corn. The two treatments of corn were planted in separate Þelds on the University of Delaware Farm. During the 4 wk that observations were made, plant growth stages ranged from early whorl V6 stage to the reproductive silking stage (Mason et al. 1996 , Abendroth et al. 2011 . A European corn borer egg mass was applied to the underside of the sixth leaf of a plant for each treatment using a droplet of water to adhere the egg mass to the leaf. After the Þrst larva emerged from the egg mass, observations on the behavioral outcomes were made continuously for 1 h for the entire cohort. Outcomes recorded for the cohort were the number of larvae at the leaf axil, on the leaf, that silked off the leaf, and that were preyed upon. Larvae characterized on the leaf included those on the blade and sheath, but not the leaf axil. Another behavior that was recorded was the frequency of silking attempts for each trial. A silking attempt represented a larva that silked down from a leaf surface but did not leave the leaf. The frequency of silking attempts was calculated as a percentage of the number of silking attempts out of the total number of larvae that hatched on a plant. In total, 10 replicates were generated for Bt corn, and 11 replicates were generated for sweet corn in this study.
A second Þeld study was performed also on the University of Delaware Farm. It was conducted from 14 July to 30 July 2009. During this period, the average daytime temperature was 23.3ЊC and the average wind speed was 76.0 cm/s (1.7 mph) (DEOS 2009 ). European corn borer egg masses in the blackhead stage were transported to the Þeld in a cooler and placed on three treatments of corn: the stacked pyramid (Cry1F- b Granted federal approval from the EPA but may remain subject to anticipated completion of applicable individual approvals and registrations in some states.
Cry1Ab-Cry34/35Ab1) Bt corn, Cry1F Bt corn, and non-Bt Silver Queen sweet corn. The stacked pyramid and Cry1F Þeld corn treatments were part of another study not reported here, but we took the opportunity to include some unused rows of the Þeld corn along with the nearby plot of sweet corn to assess movement and dispersal of neonates under Þeld conditions. For this study, four plants were randomly assigned to each of the two treatments in the Þeld corn plots. The Silver Queen sweet corn was planted in an adjacent Þeld Ϸ7 m away from the Þeld corn plots. Four sweet corn plants were assigned on the border of the Þeld nearest the Þeld corn plots. Over the 2-wk time period, to carry out the experiment, stages of corn development varied from the late whorl stage to the reproductive silking stage (Mason et al. 1996 , Abendroth et al. 2011 . For each replicate (trial), an egg mass was placed on a plant from each treatment. The leaf chosen varied from the sixth leaf to the eighth leaf, depending on the development stage of the corn plant. After the Þrst larva emerged from each egg mass, observations on the behavioral outcomes were made for 4 h, and then the larvae were removed from the plant and destroyed. The outcomes recorded were similar to the observations reported for the preliminary Þeld study. Only one trial consisting of the three treatments could be accomplished during a day. In total, 12 replicates were generated for the study.
Movement and Dispersal Observations in the Laboratory. European corn borer egg masses in the blackhead stage were placed simultaneously on four treatments of corn in the V6 stage: non-Bt near isoline corn, Cry1F hybrid corn, Cry1Ab hybrid corn, and a pyramid hybrid corn combining these two (Cry1F ϫ Cry1Ab). The potted corn plants were placed on the ßoor of the laboratory without exposure to wind movement. The temperature in the laboratory was 22 Ϯ 3ЊC and relative humidity ranged from 40 to 70%. A trial consisted of four plants with one plant represented randomly in each of the four treatments. For each treatment, one egg mass was applied to the underside of the Þfth leaf. Behavioral outcomes were observed continuously and recorded for 4 h after eclosion of the Þrst larva for each cohort. Larvae were removed from the plants after the 4-h observation period. The response data included the number of larvae at the leaf axil, on the leaf, that silked off the leaf, and that silked but did not leave the leaf (silking attempts). Thirteen replicates were generated for non-Bt near isoline and the Cry1F ϫ Cry1Ab pyramid, and eleven replicates were generated each for Cry1F and Cry1Ab. Results from two trials were not recorded for both Cry1F and Cry1Ab treatments because larvae did not emerge from the egg mass, possibly due to infertile eggs.
Influence of Wind on Silking Behavior. This bioassay was performed in a wind tunnel under conditions of constant wind ßow to assess differences in silking behavior between Bt and non-Bt corn. The temperature was 24.0 Ϯ 1.5ЊC and the relative humidity ranged from 33 to 71%. Two corn types in the V6 stage were used: Cry1Ab and non-Bt near isoline corn plants. Four treatments were compared: non-Bt near isoline exposed to wind, non-Bt near isoline not exposed to wind, Cry1Ab exposed to wind, and Cry1Ab not exposed to wind. One plant from each corn type was placed in front of the wind tunnel and was exposed to a constant air ßow of 71.5 cm/s (1.6 mph). A mesh screen was placed over the downwind opening of the wind tunnel to catch any larvae that silked off the plants, and the plants were placed within 30 cm from the mesh screen. At the same time, another plant from each corn type was placed away from the wind tunnel such that the plant was not exposed to air ßow. The plants used were randomly assigned a treatment for each replication. The plants were arranged so that the leaves from each plant did not touch and larvae could not walk from plant to plant. One egg mass was placed on the underside of the Þfth leaf for each treatment. Behavioral outcomes were observed continuously and recorded for 4 h after eclosion of the Þrst larva, and the larvae were removed from the plants at the end of 4 h. The response data included the number of larvae at the leaf axil, on the leaf, that silked off the leaf, and that silked but did not leave the leaf (silking attempts). Eleven replicates were generated for each treatment.
Data Analysis. We conducted analysis of variance ( 
Results

Movement and Dispersal Observations in the Field.
For the preliminary study conducted in the Þeld, the number (average Ϯ SE) of larvae that hatched from each egg mass was 30.6 Ϯ 2.9 on sweet corn and 28.8 Ϯ 3.3 on Cry1Ab Bt corn. There was a signiÞcantly higher percentage of larvae that silked off the plant on the Cry1Ab Bt corn (6.8%) compared with the sweet corn (1.0%) ( Table 2 ). There was also a signiÞcantly higher frequency of silking attempts on the Cry1Ab Bt corn (0.16) compared with the sweet corn (0.06) (F ϭ 6.31; df ϭ 1, 21; P ϭ 0.021).
For the second Þeld study, the average number of larvae that hatched from each egg mass was 24.4 Ϯ 1.5 on sweet corn, 25.9 Ϯ 1.3 on Cry1F, and 26.7 Ϯ 1.6 on Cry34/35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn. There was August 2012 RAZZE AND MASON: DISPERSAL BEHAVIOR OF NEONATE EUROPEAN CORN BORERa signiÞcantly lower percentage of larvae that silked off the plant on sweet corn (1.8%) compared with Cry34/35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn and Cry1F (Table 3 ). The mean percentage of larvae that silked off the plant was numerically lower on Cry34/ 35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn (11.9%) compared with Cry1F (16.2%), however, this difference was not signiÞcant. There was also a signiÞcant difference for the frequency of silking attempts on sweet corn compared with Cry1F and Cry34/35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn (F ϭ 4.94; df ϭ 2, 35; P ϭ 0.013) (Fig.  1) . A signiÞcantly higher percentage of larvae were preyed upon for sweet corn (10.6%) and Cry1F (5.3%) compared with Cry34/35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn (1.7%) ( Table 3 ). Predators that were observed in the Þeld included Anthocoridae and lady beetles. The predominant predator was Coleomegilla maculata (De Geer). There was no signiÞcant difference between treatments for the percentage of larvae in the leaf axil and also for the percentage at the leaf. However, the percentage of larvae in the leaf axil was considerably greater compared with the percentage at the leaf consistently for each of the three treatments (Table 3) . Movement and Dispersal Observations in the Laboratory. The average number of larvae that hatched from each egg mass was 27.5 Ϯ 2.9 on non-Bt near isoline, 31.4 Ϯ 3.4 on Cry1F, 24.5 Ϯ 2.6 on Cry1Ab, and 30.5 Ϯ 3.0 on Cry1F ϫ Cry1Ab Bt corn. Cry1Ab had the highest mean percentage of larvae that silked off the plant (2.9%) compared with non-Bt near isoline (0.7%), Cry1F (0.7%), and Cry1F ϫ Cry1Ab Bt corn (0.8%) (Table 4) . However, none of these were signiÞcant. There was a signiÞcantly lower frequency of silking attempts on non-Bt near isoline (0.35) and Cry1F (0.40) compared with Cry1F ϫ Cry1Ab Bt corn (0.53); and there was a signiÞcantly lower frequency of silking attempts on non-Bt near isoline, Cry1F, and Cry1F ϫ Cry1Ab compared with Cry1Ab (0.77) (F ϭ 11.46; df ϭ 3, 47; P Յ 0.001) (Fig. 2) . We analyzed the difference for the frequency of silking attempts for each hour within a 4-h period between treatments (Fig. 3) . The frequency of silking attempts differed by treatment (F ϭ 13.24, df ϭ 3, P Ͻ 0.0001) and hour (F ϭ 14.52, df ϭ 3, P Ͻ 0.0001) but did not differ by the treatment ϫ hour interaction (F ϭ 1.34, df ϭ 9, P ϭ 0.2231). By the second hour, there was a signiÞcantly higher frequency of silking attempts on Cry1Ab (0.23) and Cry1F ϫ Cry1Ab Bt corn (0.19) compared with non-Bt near isoline (0.11) and Cry1F (0.12) (F ϭ 5.58; df ϭ 3, 140; P ϭ 0.0012). For the third hour, there was a signiÞcantly higher frequency of silking attempts on Cry1Ab (0.28) compared with non-Bt near isoline (0.11), Cry1F (0.13), and Cry1F ϫ Cry1Ab Bt corn (0.18) (F ϭ 8.30; df ϭ 3, 140; P Ͻ 0.0001). For the fourth hour, there was not a signiÞcant difference in the frequency of silking attempts between non-Bt near isoline (0.06), Cry1F (0.10), Cry1F ϫ Cry1Ab (0.10), and Cry1Ab (0.15) (F ϭ 2.43; df ϭ 3, 140; P ϭ 0.0678). There was no signiÞcant difference between treatments for the percentage of larvae in the leaf axil and also for the percentage at the leaf. However, the percentage of larvae at the leaf was greater compared with the percentage in the leaf axil consistently for each of the four treatments (Table 4) . Means in a row followed by the same letter are not signiÞcantly different (P Յ 0.05; LSD). Fig. 1 . Adjusted mean frequency of silking attempts (proportion of silking attempts out of total number of larvae hatched) for the second Þeld study during the Þrst 4 h after eclosion for sweet corn, Cry1F, and stacked pyramid (Cry34/ 35Ab1 ϫ Cry1F ϫ Cry1Ab) Bt corn. Means followed by the same letter are not signiÞcant (P Յ 0.05; LSD).
Influence of Wind on Silking Behavior. The average number of larvae that hatched from each egg mass was 27.7 Ϯ 2.1 on non-Bt near isoline with wind, 20.8 Ϯ 1.6 on non-Bt near isoline with no wind, 27.7 Ϯ 1.9 on Cry1Ab with wind, and 26.0 Ϯ 2.5 on Cry1Ab with no wind. There was a main effect of corn type on larvae that silked off the plant (F ϭ 11.11; df ϭ 1, 40; P ϭ 0.002), indicating that a signiÞcantly greater mean percentage of larvae silked off Cry1Ab compared with non-Bt near isoline in the presence of wind (Fig. 4) . There was also a main effect of wind on larvae that silked off the plant (F ϭ 17.41; df ϭ 1, 40; P Ͻ 0.001), indicating that a signiÞcantly greater mean percentage of larvae silked off the plant when exposed to wind compared with larvae that were not exposed to wind (Fig. 4) . Finally, there was a signiÞcant interaction between corn type and wind on larvae that silked off the plant (F ϭ 6.39; df ϭ 1, 40; P ϭ 0.016). There was a signiÞcantly greater mean percentage of larvae that silked off the plant on Cry1Ab with wind (15.1%) compared with the other three treatments, and non-Bt near isoline with no wind had the least (0.6%) (Fig. 4) . Although the difference was not signiÞcant, we also found that non-Bt near isoline with wind had a numerically higher mean percentage of larvae that silked off the plant (3.7%) than Cry1Ab with no wind (2.1%) (Fig. 4) . The frequency of silking attempts differed by corn type (F ϭ 12.01; df ϭ 1, 40; P ϭ 0.001), such that there was a signiÞcantly higher frequency of silking attempts on Cry1Ab compared with non-Bt near isoline (Fig. 5) . However, the frequency of silking attempts did not differ by wind (F ϭ 3.17; df ϭ 1, 40; P ϭ 0.083) or the corn type ϫ wind interaction (F ϭ 1.73; df ϭ 1, 40; P ϭ 0.196). There was a main effect of corn type on larvae that were found in the leaf axil (F ϭ 4.59; df ϭ 1, 40; P ϭ 0.038) (Fig. 4) , such that there was a signiÞcantly higher percentage of larvae in the leaf axil of non-Bt near isoline compared with Cry1Ab (Fig. 4) . However, there was no main effect of wind on larvae that were found in the leaf axil (F ϭ 0.77; df ϭ 1, 40; P ϭ 0.386). There was also no signiÞcant interaction between corn type and wind on larvae that were found in the leaf axil (F ϭ 0.00; df ϭ 1, 40; P ϭ 0.964).
Discussion
Movement and Dispersal in the Field. The Þndings from Þeld observations suggest that the larvae are signiÞcantly more likely to silk off a plant, or attempt to silk off a plant, that has Bt (Cry1Ab and Cry1F) than the sweet corn plant. This was the case in both years of the Þeld studies. Although the difference was not signiÞcant, we did not expect to observe a higher percentage of larvae silking on Cry1F than on Cry34/ 35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn because the pyramid contains both Bt constituents. Previous Þeld and laboratory observations suggest that exposure to toxins present in Cry1Ab Bt corn seems to increase the likelihood of European corn borer larval abandonment compared with non-Bt corn (Davis and Onstad 2000, Goldstein et al. 2010 ).
There was a signiÞcantly greater amount of predation in sweet corn compared with Cry34/35Ab1 ϫ Cry1F ϫ Cry1Ab. One explanation for this observation may be that, because a greater density of larvae are able to survive in the sweet corn, more predators could be attracted to sweet corn compared with the pyramid. This Þnding could have important implications if there is a trend toward reduction in refuge size requirements in Bt Þelds. If the refuge area is reduced, it may support a smaller European corn borer population and therefore could reduce the abundance of natural enemies that are available for control of insect pests in the Þeld, including secondary pests that are not affected by the Bt toxin. It is important to consider that natural enemies, along with abiotic factors, contribute to a relatively high natural mortality in European corn borer populations between 60 and 90% (Kuhar et al. 2002) . Ross and Ostlie (1990) reported Table 4 . Percentage (mean ؎ SE) of larvae recorded for the movement and dispersal study in the laboratory during the first 4 h after eclosion for each behavior outcome for non-Bt near isoline, Cry1F, Cry1Ab, and pyramid (Cry1F ؋ Cry1Ab) Bt corn Outcome non-Bt isoline (n ϭ 13) Cry1F (n ϭ 11) Cry1Ab (n ϭ 11) Pyramid (n ϭ 13) df F P None of the means for each outcome were signiÞcantly different (P Յ 0.05; LSD).
Fig. 2.
Adjusted mean frequency of silking attempts (proportion of silking attempts out of total number of larvae hatched) for the movement and dispersal observations in the laboratory during the Þrst 4 h after eclosion for non-Bt near isoline, Cry1F, Cry1Ab, and pyramid (Cry1F ϫ Cry1Ab) Bt corn. Means followed by the same letter are not signiÞcant (P Յ 0.05; LSD).
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a high mortality rate ranging from 75 to 83% within the Þrst 48 h after infestation. Therefore, pest suppression afforded by abiotic factors and predation are important to consider in a general integrated pest management framework.
Observations made for neonate dispersal behavior in the Þeld bioassay also suggest that larvae are predominantly found in association with the leaf axil in the Þrst few hours after eclosion. All the treatments in the Þeld studies had a greater number of larvae in the leaf axil within the Þrst 4 h. Andow (2002) reported that predators are more effective preying on the neonates when they are exposed on leaf surfaces. The Þndings from the current study indicate that within the Þrst 4 h of emergence, larvae either silk off the plant or disperse to the leaf axil possibly for shelter from predators and protection from physical stress factors.
Movement and Dispersal in the Laboratory. We observed relatively low neonate dispersal across treatments for the Þrst four hours after eclosion in the laboratory. This was unexpected considering the higher dispersal rates observed in the Þeld. Goldstein et al. (2010) found that the proportion abandoning the plant was signiÞcantly higher for Bt than non-Bt corn in a growth chamber under conditions of low air ßow that ranged from 5 to 20 cm/s. We hypothesize that the absence of wind in the current study contributed to a lower proportion of larvae silking off plants than was observed in the Þeld. It is possible that even under light air movement more silking off of the plants would have occurred as indicated by the Goldstein et al. (2010) study. We also found there was a signiÞcantly higher frequency of silking attempts on Cry1Ab compared with Cry1F (Fig. 2) . This Þnding may suggest that Cry1Ab could have a greater effect on neonate European corn borer dispersal behavior than Cry1F. Buntin (2008) evaluated the efÞcacy of Cry1Ab and Cry1F for management of fall armyworm and corn earworm in central Georgia and found that although both Bt events reduced whorl infestation and damage Fig. 3 . Adjusted mean frequency of silking attempts (proportion of silking attempts out of total number of larvae hatched) for the movement and dispersal observations in the laboratory categorized by hour for the Þrst 4 h after eclosion for non-Bt near isoline, Cry1F, Cry1Ab, and pyramid (Cry1F ϫ Cry1Ab) Bt corn. Means followed by the same letter within each hour are not signiÞcant (P Յ 0.05; LSD). by fall armyworm, Cry1F provided greater protection from whorl injury compared with Cry1Ab under severe fall armyworm infestations. Buntin (2008) also found that Cry1Ab usually had less ear infestation by corn earworm than susceptible hybrids, whereas Cry1F usually did not reduce ear infestations. These Þndings suggest that the efÞcacies of Cry1Ab and Cry1F vary not only between insect pests but also in terms of the protection provided by Bt events relative to different parts of the corn plant. Therefore, it is possible that Cry1Ab and Cry1F could provide different behavioral responses as well as levels of control against European corn borer damage. Further research comparing the larval responses for these two Bt events could have important implications for the use of stacked pyramid hybrids combining Cry1Ab and Cry1F. If one event provides signiÞcantly less protection against European corn borer damage compared with the other event, this could increase the likelihood of larval survival after exposure to the Bt toxins. This would increase the chance for development of resistance in European corn borer populations over multiple generations.
The observations recorded for silking attempts showed that the frequency of silking attempts for all four treatments consistently was the highest at the second and third hours, and decreased at the fourth hour (Fig. 3) . This may suggest that after the third hour a portion of the larvae that were previously involved in dispersal behavior are switching to do more local leaf exploration in search of food. However, there was no visible evidence of leaf feeding on any of the four treatments. Razze et al. (2011) found that there is little or no feeding by neonate European corn borer in the Þrst 6 h after eclosion regardless of whether the host is Bt or non-Bt corn. The current study offered signiÞcant insights into neonate European corn borer dispersal behavior for the Þrst four hours after eclosion on both Bt and non-Bt corn. The results suggest that silking behavior may be an important factor for host selection for larvae on non-Bt and Bt corn.
Another difference between the laboratory and Þeld observations was the contrast in the percentage of larvae residing in the leaf axil and on the leaf (compare Table 3 with Table 4 ). Larvae in the laboratory environment were more frequently found outside the leaf axil than in the Þeld. It is possible that this is due to the lack of predators in the laboratory. The presence of predators (lady beetles and Anthocoridae) was frequently observed in the Þeld, even in cases where predation on larvae did not occur. Perhaps the young larvae in the Þeld were able to sense the presence of predators in the vicinity. However, sunlight, weather, and other Þeld environmental conditions could be contributing factors as well.
Influence of Wind on Silking Behavior. We observed a signiÞcantly higher percentage of larvae silking off the plant on Cry1Ab with wind compared with Cry1Ab with no wind. We also observed a higher frequency of silking attempts (but not completely silking off) on Cry1Ab with no wind compared with Cry1Ab with wind. Therefore, based on the data acquired at a wind velocity of Ϸ70 cm/s, we hypothesize that low wind velocity facilitates larvae silking off the plant, and that the lack of wind in treatments in this bioassay reduced the percentage of larvae that were able to successfully silk off the plant.
Wind-facilitated larval dispersal is documented in several lepidopteran families other than Crambidae. A familiar family is Lymantriidae (i.e., gypsy moths), in which high rates of ballooning and aerial transportation have been cited as important factors in longdistance dispersal and spreading infestations (Bell et al. 2005, Tobin and Blackburn 2008) . Mott (1963) described how Þrst-instar spruce budworm (Lepidoptera: Tortricidae) drop down from a plant surface and then attempt to become airborne through suspended ballooning in response to turbulence. Neonate evergreen bagworms (Lepidoptera: Psychidae) also have been observed to disperse by dropping on a strand of silk and ballooning on the wind (Moore and Hanks 2004) . We believe that wind is an important factor to include in studies on European corn borer larval dispersal and silking behavior under controlled conditions. Utilizing wind in laboratory experiments also will provide results that are more consistent and comparable to conditions in the Þeld.
The observations made on neonate dispersal behavior are important in resistance management, speciÞ-cally where and how refuge plants are arranged within a Bt cornÞeld. Larvae hatching on Bt plants are more likely to silk off the plant and may end up on nearby non-Bt plants. This is more likely in a blended-seed scenario than in a structured refuge system. Therefore, if the larvae are successful at Þnding more suitable host plants after exposure to toxins in Bt corn, it could allow for behavioral resistance to evolve more quickly in European corn borer populations. However, a reduction in refuge proportion within a Bt cornÞeld could make the likelihood of a larva moving from a Bt to a non-Bt plant less likely to be due to the lower percentage of non-Bt plants. In addition, larvae that do develop on non-Bt plants will provide a susceptible population that will be more readily available to mate with resistant individuals due to proximity in a blended-seed Þeld than in a structured refuge system where susceptible mates may be emerging as far as 0.8 km (0.5 mile) away from the Bt cornÞeld. Therefore, the development of pyramid Bt corn and the associated reduction in the required proportion of refuge plants could provide support for the implementation of a mixed plant refuge. Even with high observed dispersal rates in European corn borer neonates, the likelihood of a larva dispersing from a Bt to a non-Bt plant and surviving is greatly reduced in a mixed plant refuge system that would require a smaller percentage of refuge, which would reduce the number of heterozygous larvae and delay the development of resistance in European corn borer populations.
Overall, we found that neonate dispersal in the Þeld was higher on Cry1F and Cry34/35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn compared with sweet corn, with no signiÞcant differences in dispersal between Cry1F and August 2012 RAZZE AND MASON: DISPERSAL BEHAVIOR OF NEONATE EUROPEAN CORN BORERCry34/35Ab1 ϫ Cry1F ϫ Cry1Ab Bt corn. In the laboratory, we found that differences in dispersal behavior between Bt and non-Bt corn were not expressed until the second hour after eclosion. We also observed relatively low neonate dispersal for both Bt and non-Bt corn when wind was not included in the experimental design. The results obtained in the laboratory bioassay conducted under light wind conditions suggest that neonates hatching on Cry1Ab corn are signiÞcantly more likely to disperse than those hatching on non-Bt near isoline corn. Previous laboratory Þndings suggest that late-instar larvae can move from non-Bt corn to Bt corn and survive to adulthood (Walker et al. 2000 , Huang et al. 2002 , but there is little evidence of this occurring in the Þeld. Further research to understand movement between Bt and non-Bt plants and the likelihood of survival after ingesting Bt toxins will be necessary to determine the efÞcacy of a mixed plant refuge strategy and the associated risk of resistance development in European corn borer populations. The dispersal behavior of neonate European corn borer will be important to consider and understand in establishing a refuge and delaying the development of resistance in European corn borer populations. These Þndings may not only be useful for European corn borer resistance management but also may apply to other species that behave similarly under Bt selection pressure.
